Background: Zinc deficiency-like (ZDL) syndrome is an inherited defect of Fleckvieh calves, with striking similarity to bovine hereditary zinc deficiency (BHZD). However, the causative mutation in a phospholipase D4 encoding gene (PLD4) shows no connection to zinc metabolism.
I
n recent years, Bavarian Fleckvieh calves, displaying marked dyskeratotic dermatitis in combination with a history of recurring episodes of respiratory and enteric diseases, attracted attention. These animals showed a striking clinical similarity to calves affected by bovine hereditary zinc deficiency (BHZD), a keratinization disorder caused by a mutation in the SLC39A4 gene. 1, 2 However, a molecular genetic study we conducted on 7 of the affected Fleckvieh calves excluded SLC39A4 as causative gene for the syndrome. 3 Genome-wide resequencing of 1 affected calf identified a nonsense mutation (p.W215X) in a phospholipase D encoding gene (PLD4), located on bovine chromosome 21, as most likely polymorphism. The disease has an autosomal recessive mode of inheritance. A study on the progeny descending from carriers of the mutation showed a significant reduction of the survival rates (P 5 2.97 3 10
28
). 3 Because of the phenotypic similarity to BHZD the condition was named zinc deficiency-like (ZDL) syndrome.
Knowledge about the PLD4 protein in mammal metabolic pathways is scarce. In mice, PLD4 was identified as an intracellular transmembrane glycoprotein with potential function in phagocytosis. 4, 5 In humans, PLD4 variants are associated with systemic sclerosis and rheumatoid arthritis. 6, 7 Detailed description of clinical and pathological aspects of the ZDL syndrome in cattle might provide important guidance for future metabolomic studies connecting geno-and phenotypes of PLD4 associated diseases. Thus, the objectives of this study were the description of clinical and pathological alterations associated with the newly discovered PLD4 mutation in Fleckvieh calves and the identification of key features to distinguish between the ZDL syndrome and BHZD. Furthermore, we conducted a retrospective analysis of medical records on unresolved clinical dermatitis cases to reveal the existence of this neglected gene defect within the Fleckvieh population in the past which highlights the importance of revelation of potential carrier descendants.
Materials and Methods

Clinical Case Series
A total of 9 Fleckvieh calves (8 purebred and 1 Fleckvieh calf with an Angus grand-sire in the ancestral father line [according to owner]) admitted to the Clinic for Ruminants with Ambulatory and Herd Health Services between October 2009 and April 2015 were included. Inclusion criteria were typical zinc-deficiency-like skin alterations and a molecular genetic validation of the PLD4-status by 5 0 -exonuclease assay.
3 Two calves were monitored over several weeks, but 7 calves were euthanized within a few days after admission because of animal welfare reasons. A complete clinical examination was performed daily.
Blood samples for laboratory analysis were routinely taken from the jugular vein for diagnostic purposes. Two calves were treated with oral zinc supplementation (Calf 2 5 480 mg and Calf 4 5 2,500 mg elementary zinc per day). These doses were within (Calf 2) and above (Calf 4) recommendations to treat BHZD. 8 All affected animals descended from carrier matings, which happened by chance during normal breeding routine on Bavarian Fleckvieh farms. Animal husbandry and care were carried out in accordance with institutional and national guidelines. No ethical approval was required for this study.
Laboratory variables were determined as previously described. 9 In brief, serum chemistry variables and enzyme activities were determined with an automated analyzer system a and a complete blood cell count was performed with a hematology analyzer (pocH-100iV DIFF, Sysmex). All calves were necropsied and tissue samples for histology were routinely processed, sectioned, and stained as previously described.
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Retrospective Analysis of Medical Records
Archive cases of Fleckvieh calves under the age of 8 months with a history of crusting dermatitis or suspected zinc deficiency were identified and the histology reviewed. For genomic DNA isolation, 10 mm sections of these archival formalin-fixed paraffinembedded (FFPE) tissue samples were deparaffinized 3 3 20 minutes in xylene and rehydrated in a graded ethanol series for 2 3 15 minutes. After, sections were incubated overnight in 1x PK-buffer (20 mM TrisHCl, 4 mM EDTA, 100 mM NaCl), 10% SDS and 2 mL Proteinase K (20 mg/mL) at 568C followed by phenol-chloroform-DNA-extraction. For up-concentration, DNA was alcohol-precipitated and redissolved and diluted in 13 TE-buffer. 
Pedigree Information
Pedigree information of archival and recent cases was provided by the Bavarian State Research Centre for Agriculture. Visual examination of the pedigrees gave the indication of a most recent common ancestor (MRCA) among the recent and former cases.
Results
Clinical Case Series
The study involved 2 female and 7 male calves. Calves were admitted at median 81 days of age (mean: 116 days; range: 37-372 days) and necropsied at median 90 days of age (mean: 122 days; range: 38-373 days). The owners observed first skin lesions at median age of 45 days (mean: 49 days; range: 21-95 days). Calves were presented with a history of recurrent diarrhea, fever, dyspnea, and runting. Calf 5 had a female twin, which deceased with 79 days (necropsy was not conducted). The twin's first skin lesions were detected on the head, best obvious around the muzzle and periorbital regions and on the ventrum. Calves 2, 4, 6, and 9 were PO supplemented with zinc before admission to the Clinic for Ruminants (elementary zinc per day: Calf 2: 480 mg for 21 days; Calf 4: 333 mg for 24 days and 2500 mg for 11 days; Calf 6: dosage unknown, treatment for 24 days; Calf 9: 10-16 mg for 150 days). However, zinc supplementation did not lead to amelioration of the clinical signs. The results of the clinical examinations of Calves 1-9 are summarized in Table 1 . A moderate to severe exudative and crusting generalized dermatitis was present in all calves (Fig 1a,b) . Skin regions with mild lesions displayed loose flakes. In moderate to severely affected regions there were large plates with rhagades, consisting of crusts, keratin, and hair (Fig 1c) . Removal of single plates was not possible without injuring the epidermis. Moderate to severe lesions were predominantly localized on the head (around the muzzle, eyes, and on the forehead, Fig 1b) , ventrum (Regio sternalis, R. umbilicalis), joints (R. cubiti, R. carpi, R. genus/ plicae lateralis, R. tarsi), and inguinal and axillary region. The peripheral lymph nodes were enlarged in all calves (Fig 1d) . Calves 1, 4, and 5 displayed interdigital small erosions. Several calves displayed mucosal lesions and excessive salivation, 5 calves displayed yellow plaques on their incisors. Calf 9 was infested by numerous Damalinia. Seven calves displayed signs of weakness: weight shifting from 1 hind leg to the other and sudden bending of knees (5 calves), constant muscle tremor (Calf 3), and inability to rise (Calf 1). Calves 3 and 5 were extremely exhausted, did not move after being placed in lateral recumbency and fell into deep sleep immediately. Additionally, Calf 3 was introverted and chewed idly during examination.
Laboratory variables are summarized in Table 2 (excluding Calf 7, where serum and blood were not investigated). Calves 1-8 presented slight anemia. Leukocytosis was present in 4 calves. Six calves displayed lowered serum albumin concentration and increased serum AST activity. Serum zinc concentrations were below the reference range in 3 calves, whereas the other 6 were within or above reference range. High zinc concentrations in Calves 2, 4, and 6 correlated with the oral zinc substitution. Because of the advanced course of the disease and lack of improvement, all calves were euthanized and submitted for necropsy.
At necropsy, median body weight was 80 kg (mean: 86 kg; range: 55-120 kg). The major skin lesions, severe crusting with rhagades (Fig 2a) , of all calves were distributed multifocally with emphasis on above-mentioned locations. The peripheral but also often multiple organ lymph nodes were massively enlarged. Seven calves had multiple erosions or ulcers of the oral mucosa with multifocal necrosis and blunting of buccal mucosal papillae (Fig 2b) . Calves additionally displayed enteritis (9/9), bronchopneumonia (7/9), and thymic atrophy (5/8; mean weight 46.8 g).
Histologically, affected areas displayed diffuse severe serocellular crusting often with many colonies of cocci and Malassezia. There was diffuse severe laminated orthokeratotic hyperkeratosis and multifocal mild to moderate parakeratosis with many intracorneal serum lakes (Fig 2c) . The epidermis was multifocally hyperplastic, ulcerated, and displayed subcorneal and suprabasilar vesiculation. In some locations, multiple epidermal keratinocytes were apoptotic and few epidermal and follicular keratinocytes displayed clear cytoplasmic vacuolation. The dermal ridges displayed superficial edema and multifocal interface vacuolation in 8/9 calves. The dermal blood vessels were congested and surrounded by mixed-cell inflammation, the lymphatics and sweat glands were dilated. The severity of skin lesions revealed by histological examination reflected the gross pattern with most severe lesions in skin sections of the head, ventrum, and joints.
Histologically, the mucosa of the oral cavity and muzzle was multifocally eroded or ulcerated with many infiltrating neutrophils and many suprabasilar apoptotic keratinocytes in the deep epithelial papillae (Fig 2d) .
The lymph nodes displayed increased cortical and paracortical areas, dilated sinuses, and increased sinusoidal neutrophils and macrophages. The thymus (examined in Calves 2-9) of 7 calves displayed a moderate to marked decrease in cortical size and cellularity resulting in a shifted corticomedullary ratio.
Interstitial nephritis was detected in 3 calves and suppurative rhinitis, suppurative tracheitis and vasculitis in 2 calves, each.
BVDV-and OHV2-PCR of spleen was negative in 8/9 and 5/5 calves, respectively. Enteric Coronavirus was detected in 1/4 calves. Salmonella enrichment of intestines was negative in 5/5 calves. Bacterial lung culture revealed 1 calf with Mannheimia spp. and 1 with Pasteurella multocida.
Retrospective Analysis of Medical Records
Medical records of 25 Fleckvieh calves with crusting dermatitis or suspected zinc deficiency were identified in the archive of the Clinic for Ruminants. FFPE tissue samples from 13/25 calves were stored in the archive of the Institute of Veterinary Pathology. The 4 female and 9 male calves were between 5 weeks and 5 months old. Clinical signs/ diagnoses in these 13 calves were remarkably similar to the recent cases and included poor to moderate body condition, similar skin lesions, lymph node enlargement, mucosal erosions, and inflammation and infections of the respiratory and digestive tract. Zinc deficiency was suspected in 9 calves and zinc has been supplemented in 5 calves but did not ameliorate the clinical signs. Twelve calves were BVDV negative, only 1 calf was antigen-positive. Anemia and leukocytosis were present in 10 calves.
The postulated W215X-variant in PLD4 was resequenced in all 13 FFPE-samples. Sample age varied between 9 and 26 years, the oldest sample was from 1988, the youngest from 2005. Twelve animals were homozygous carriers of the nonsense mutation and 1 male Fleckvieh calf carried the wild-type allele (sample from 1997, sample age 17 years). Retrospective histological evaluation of skin sections suspected ZDL-syndrome in 10 cases, 2 cases were ambiguous and the wild-type calf displayed sarcoptic mange in skin sections.
Pedigree Information
Pedigree analysis revealed familial relationships between the calves of the recent cases and those retrospectively analyzed. The MRCA of all calves with available pedigree information was identified and traced back until 1972 (Fig 3) .
Discussion
Recently, German and international reports about ZDL syndrome increased the awareness of owners and veterinarians and led to an increased presentation of affected calves to veterinary clinics. The clinical presentation of ZDL syndrome is mainly characterized by crusting dermatitis on head, ventrum, and joints and is therefore strikingly similar to BHZD. Lesions further include mucosal ulcerations of upper digestive tract, inflammation of respiratory and digestive tracts, thymic atrophy, and lymphadenopathy. This study shows that this phenotype and the absence of treatment responses to zinc supplementation should alert the clinician about ZDL syndrome.
The age distribution and severity of clinical and pathological changes varied among these cases. The first detection of skin lesions was reported to be recognized by the farmers between the first and 19th week after birth. The time interval between recognition of clinical signs of skin disease and hospital admission ranged from 7 to 316 days. Calves were necropsied between 38 and 373 days after birth. As the affected calves carried the same genotype and showed a similar phenotype, other factors like individual predisposition, environmental or management factors might influence disease severity considerably and might provide an explanation for the marked age differences.
The predominantly mild microcytic, normochromic anemia, and mild hypoalbuminemia of the calves is very likely because of the chronic inflammatory state.
15-17 Leukocytosis reflects the severe inflammatory infiltration in skin, respiratory, or digestive tract. Decreased serum zinc concentrations can be associated with chronic inflammation as well. Additionally, the chronic enteritis and the catabolic state of the calves could be the cause of hypoalbuminemia. The concentrations of the trace elements copper and iron were below reference ranges in 3/7 and 4/5 calves, respectively. The low iron concentrations can be caused by the chronic inflammatory state or reduced alimentary uptake because of disease-associated anorexia. However, the causes and connections of the metabolic disturbances in these calves are not known. As copper, iron, and zinc concentrations also have synergistic and antagonistic properties in physiological states, the reason for the observed concentration changes in this disease deserves further study. The similarity of the ZDL phenotype to BHZD is striking, even though the genetic cause and affected breeds are clearly distinct. 2, 3 Bovine hereditary zinc deficiency, first described in Holstein Friesian calves, 1 affects a variety of cattle breeds including Fleckvieh, Holstein Friesian, Shorthorn, and Angus. 8, 18, 19 Bovine hereditary zinc deficiency-affected calves show keratinization disorders, thymus hypoplasia, respiratory and digestive tract inflammations, oral mucosal ulcerations, impaired function of the immune system, and growth retardation as consequence of a malfunction of an intestinal zinc transporter. [20] [21] [22] In zinc deficiency in Holstein Friesian cattle, a splice-site variant in the SLC39A4 gene is the underlying mutation. 2 This gene encodes a zinc transporter which is crucial for intestinal zinc uptake. 23 In humans, several additional mutations in this gene are also responsible for an inherited zinc deficiency syndrome known as acrodermatitis enteropathica.
24-26
Because of the malfunction of the intestinal zinc transporter, BHZD calves do respond to oral zinc supplementation. 20, 27 In one study, clinical signs developed when plasma zinc concentration dropped below 0.5 ppm and a plasma zinc concentration of 1.0 ppm was maintained through oral supplementation to keep the animal without clinical signs. 27 In the present study, the zinc doses were within (Calf 2) and above (Calf 4) the range of published values used to alleviate or resolve clinical disease of zinc deficient calves. 8, 20, 27 In both calves, serum zinc concentrations responded to the treatment and were above the maintenance zinc concentrations of Machen et al. 27 Unfortunately, the exact dose given to Calf 6 is not known, however, serum zinc concentration was at the upper limit of the reference range and was also above the maintenance zinc concentration of Machen et al. Calf 9 was treated with 10-16 mg elementary zinc per day. This dose appears really low when compared to the other calves and its effects were probably minor (low serum zinc concentrations). Although serum zinc concentrations are not always useful to determine tissue zinc concentrations, 28 elevation after treatment indicates that intestinal uptake took place. In zinc-treated BHZD calves, clinical signs improve after 1-3 weeks and completely resolve after 2-6 weeks. 2, 20 However, the clinical signs observed in Calves 2, 4, and 6 did neither improve nor resolve, clearly separating this syndrome from BHZD clinically. Nonetheless, zinc supplementation might help the animal to survive longer, possibly because of positive effects of zinc on skin and immune system. 29 Marked hypoplasia of the thymus with an average thymus weight of 18 g has been reported in 15 affected BHZD calves. 30 Thymus weights in this study revealed thymic atrophy, yet the thymus was readily identifiable and weighed nearly 3 times more than described in BHZD. Although thymus weight/body weight ratio was lower than published ratios, 31 gross and histologic examination could not support a finding of "marked hypoplasia."
Bovine hereditary zinc deficiency occurs in various cattle breeds but has its primary incidence in Holstein Friesian calves, 20, 27, 32 unlike ZDL syndrome which has only been observed in Fleckvieh calves.
Differential diagnoses for ZDL syndrome include mange, acquired zinc deficiency, and ichthyosis. The mucosal lesions and lesions in the interdigital space should be differentiated from bovine viral diarrhea/mucosal disease (BVD/ MD), malignant catarrhal fever (MCF), and blue tongue. In the medical records from 1988 to 2005, BVD/MD was the main differential diagnosis followed by zinc deficiency and to a small amount ichthyosis or MCF.
The gene PLD4 encodes Phospholipase D4, which belongs to the PLD superfamily, comprising 6 members (PLD1-6) widely distributed in tissues of humans and animals.
33 PLD1 1 2 are well characterized phospholipid signaling enzymes, involved in cellular proliferation and vesicle trafficking. 5 Enzymes with PLD activity or phospholipase domains are further involved in keratinocyte metabolism or the keratinization process. [34] [35] [36] However, little is known about role and function of PLD4. Localized in the spleen and early microglia, a role in immunological pathways has been suggested. 4 Its enzymatic activity is still enigmatic and possible nonenzymatic functions are discussed. 33 There is considerable interspecies phenotypic variation between the few diseases and syndromes linked to PLD4 so far. Recent studies associated variants in PLD4 with systemic sclerosis and rheumatoid arthritis in the Japanese population. 6, 7, 37 Mice carrying a nonsense mutation in PLD4 manifest a phenotype with thin hair and small size that seems quite distinct from ZDL syndrome in calves. 38, 39 These substantial differences between the species highlight the importance of different models, which allow investigation of PLD4 functions and its position within metabolic pathways.
Combining the available information and the present cases, the role of PLD4 in calves is very likely associated with immunological functions and keratinocyte differentiation. Infection of the respiratory and digestive tract and skin suggest some kind of immunosuppression. Regarding PLD4 and PLD function in microglia 4 and neutrophils, 33 respectively, the innate immune system is likely compromised. Hyper-and parakeratosis suggest a role of PLD4 in the keratinization process and differentiation of keratinocytes.
The gold standard to distinguish ZDL from BHZD is-of course-a genetic examination. Clinicians confronted with Fleckvieh calves displaying signs of zinc deficiency should be aware of ZDL and can differentiate ZDL from BHZD through unresponsiveness to oral zinc supplementation. However, lack of improvement or advanced cases should initiate a genetic examination to quickly identify ZDL calves. On pathological examination, dermal lesions together with thymic atrophy can indicate ZDL, but atrophy must be separated from disease-or age-associated involution. Dermal histopathology is not helpful to distinguish between these 2 syndromes. 
